Abstract. Proteins can be partitioned into eight mutually exclusive sets of peptides and recoded with a binary alphabet obtained by dividing the 20 amino acids into two ordered sets based on volume. By searching for these binary-coded peptides in a protein sequence database, their container proteins can be identified. Over 89.7% of 20207 curated proteins in the human proteome (http://www.uniprot.org; database id UP000005640, H. sapiens) can be so identified. This procedure can be translated into practice. Thus standard chemical procedures can be used for partitioning and a nanopore can be used to obtain binary coded sequences for partitioned peptides. In the latter case, recently published work has shown that a sub-nanometer-diameter pore can measure residue volume with a resolution of ~0.07 nm 3 . This can be used to distinguish between the two sets of residues defined above; a detector with two thresholds outputs a binary sequence for a partitioned peptide from the nanopore current signal. Using normal distributions of amino acid volume data from the literature, routine computations show that ~98% of the protein-identifying peptides in the curated human proteome have binary codes that are correct with a confidence level exceeding 85%. Similar results are presented for the proteomes of baker's yeast (S. cerevisiae), the pathogen E. coli, and the gut bacterium H. pylori.
Introduction
Protein fingerprinting is the process of identifying a protein from a subsequence by searching for the latter in a protein sequence database [1] . In the present report it is shown that in principle close to 90% of all proteins in the human proteome (H. sapiens) can be identified by partitioning proteins into eight mutually exclusive sets of peptides, recoding them with a binary alphabet based on amino acid volume, and searching for the recoded peptide sequences in the database. The procedure proposed here can be realized in practice with available chemical procedures for partitioning and a nanopore [2, 3] to obtain the binary sequence of a partitioned peptide. Statistical calculations show that the confidence level of the binary sequences of ~98% of all protein-identifying peptides in the partition exceeds 85%. Similar results are given for three other proteomes (S.
cerevisiae, E. coli, H. pylori).

A peptide partition
Consider peptide sequences of the form X1Z }. Such a partition can be obtained in practice by using sequential proteolysis and electrophoretic separation, see Section 5 below. Additional information is available in [4] , which also includes other practically realizable partitions.
Amino acid partitions
The standard 20 amino acids may be ordered on a physical or chemical property such as volume, mass, charge, diffusion constant, or mobility. They may then be divided into 2 or more ordered subsets at fixed points along the ordering. For example, Table 1 shows them ordered on volume and grouped into two subsets. The dividing line is chosen between P and V so that the two subsets have nearly the same size and the difference between the volumes of P and V is substantial. (There are higher volume differences between Y and W and between G and A, but the resulting subset sizes are lopsided.) The amino acids can now be coded with a binary code: S1 = {G,A,S,C,D,T,N,P: 59.9 ≤ volume ≤ 123.3} → 1, S2 = {V,Q,E,H,I,L,M,K,R,F,Y,W: volume ≥ 138.8} → 2. . Background shading shows grouping of amino acids into 2 subsets. Data from [5] . 
Peptides that uniquely identify their parent proteins in the human proteome
Consider the human proteome database UP000005640 at http://www.uniprot.org. There are 20207 curated sequences in this database. Column 2 in Table 2 gives the number of peptides in each subset of the partitioned database (as defined in Section 2). Let each protein sequence in the proteome and each peptide (subsequence) in each subset of the partition be recoded with the binary code given in Section 3. The number of proteins in the proteome that are identified by these recoded peptides in each partition subset is computed using straightforward search methods and given in Column 3. The corresponding protein identification efficiencies are given in Column 4. The total number of proteins that are uniquely identified by one or more peptides from the full partition P is the union of the sets of proteins identified by peptides from the individual sets in the partition (Rows 2 through 9). The size of this union and the identification efficiency are given by the entries in Row Protein identification is more reliable if multiple peptides are available to identify a protein. Conversely the fewer proteins there are with a single identifying peptide the lower the false detection rate (FDR). With the binary alphabet from Section 3, the number of proteins identified by a single peptide is 2626 (13% of 20207), the number with two or more identifiers is 15507 (76.74%), and the number that cannot be identified uniquely is 2074 (10.26%). (b) Protein identification efficiency (%) = Total number of proteins in proteome uniquely identified by the identifying peptides in column marked (a) * 100/20207. P = union of all 8 subsets of the partition Table 3 shows results obtained with the binary alphabet of Section 3 for the proteomes of three other species: baker's yeast (Saccharomyces cerevisiae), the common pathogen Escherichia. coli, and the gut bacterium Helicobacter pylori.
(Sequence data for all three are from the Uniprot website, the respective ids are 4932, 562, and 210.)
Note that Table 2 is based on comparing a partitioned peptide sequence with protein sequences in the Uniprot database UP000005640. This database contains a curated canonical set of proteins as well as variant sequences for the protein from the parent gene, such as isoforms, polymorphisms, and post-translational modifications. In the Uniprot KnowledgeBase (KB) a protein sequence is canonical "if it satisfies one or more of the following conditions: a) It is the most prevalent sequence among all variants; b) It is the most similar to orthologous sequences found in other species; c) It provides the clearest picture among all variants in terms of the latter. If this additional information is not available, the longest sequence among the variants is taken as the canonical one." [6] . Identification consists of first comparing a partitioned peptide sequence with the set of canonical protein sequences. If there is no match or additional information is sought, comparison may be done with the variant sequences in the database.
Implementation considerations
There are two major steps in the procedure proposed above: 1) creating the partition; and 2) obtaining the binary-coded sequence of a partitioned peptide. 1) While a study of general partitions could be useful in a wider sense (and may also be of theoretical interest), the present work focuses on partitions that can be implemented in practice. Procedures based on sequential proteolysis and the use of isoelectric focusing (IEF) to separate partition subsets are discussed in [4] , where a four-step process that uses four different proteases in some order for creating the 8-set partition defined in Section 2 is outlined. (Three more partitions are given in [4] [8] . (In like manner the extent to which partitioned peptides from the procedure proposed here satisfy the 8-set partition defined in Section 2 in practice can be known only when empirical data become available.) 2) The most widely used method of peptide/protein sequencing, namely mass spectrometry, works in the bulk [7] . Other methods for partial sequencing of peptide fragments based on the detection of single molecules have been proposed and/or studied recently. They may be labeled (with, for example, fluorescent tags) or unlabeled (with a nanopore, for example). In the former case peptide fragments are selectively labeled with as many different dyes as the size of the reduced alphabet chosen. The labeled fragments are sequenced in one of two ways: 1) pinning the fragments to a substrate, cleaving successive residues from a fragment by Edman degradation, and using a fluorescent readout to read the cleaved residues [9] ; 2) using a protein translocase to pass the fragments through a nanochannel and Förster resonance energy transfer (FRET) to detect a labeled residue as it moves past the enzyme [10] . Calculations show that as few as 2 tagged residue types may be sufficient to partially sequence a peptide; this partial sequence is then used to identify its parent protein by comparison with the set of protein sequences in a sequence database.
In contrast, no analyte immobilization or labeling of any kind is used in nanopore-based sequencing [2, 3] . This is an electrical method based on the use of an electrolytic cell in which a membrane with a nano-sized pore bridges two compartments (usually referred to as cis and trans) containing an electrolyte, typically KCl. A potential difference across cis and trans causes an ionic current. When an analyte such as a single protein or peptide molecule is introduced into cis it causes a blockade of the quiescent ionic current as it translocates through the pore. The magnitude of the blockade due to a residue in the translocating peptide is partly determined by residue volume, so the blockade current level can in principle be used to identify the residue. This approach can lead to a sequencing device that is significantly smaller than one based on fluorescent methods and is easier to operate. However, with 20 amino acids to distinguish in the peptide the required current resolution cannot be easily realized (especially in the presence of noise). One way to deal with this seemingly insurmountable problem is to reduce the size of the alphabet, as discussed in the next section.
The next two sections show how a binary coded sequence for a partitioned peptide can be obtained with a nanopore and used for protein identification.
Nanopore sequencing of partitioned peptides with small alphabets
A recent report [11] has shown that by using a sub-nanometer-diameter nanopore a residue can be detected with a volume resolution of 0.07 nm 3 . Assuming that the blockade due to a residue is directly related to its volume, the blockade current can be used to call residues in a peptide. However with 20 amino acids to resolve, the required current resolution is virtually unattainable, and noise makes it worse. In [12] an attempt was made to partially resolve this problem by dividing the amino acids into four subsets labeled Minuscule, Small, Intermediate, and Large (which is almost identical to the 4-character alphabet in Section 3); the labels are descriptive of the volume excluded in the pore by the corresponding residue in the protein as it translocates through the pore. The level of the measured signal is mapped to one of the four subsets and the resulting peptide encoded with the alphabet {M, S, I, L}. Further improvements can be had by recognizing that protein sequences generally carry inherent correlations. One such is obtained by reading current blockades due to four successive residues (4-mers) rather than individual ones in sequence. While with the full alphabet this would require the ability to distinguish among 20 4 4-mers, combining this approach with the 4-character alphabet {M, S, I, L} results in only 35 unique volume combinations, a considerable drop from 160000. This approach makes it possible to read one protein out of 9999 human proteins with < 10 % error from a single 4-mer blockade [11] . While the result is significant the gain is not of much practical use.
On the other hand if the goal is protein identification rather than peptide sequencing the pessimism implied by the above result is considerably diminished if not dispelled by using the binary alphabet of Section 3. Read rates approaching practical levels can be achieved: as shown below, over 98% of protein-identifying peptides can be read correctly during measurement of the pore current with confidence levels exceeding 85%. This makes nanopore-based protein identification both feasible and practical.
In what follows, residue volume is used as a proxy for the blockade current.
Protein identification from binary sequences obtained with a subnanometer-diameter nanopore
As noted in Section 6, a residue volume resolution of 0.07 nm 3 is possible with a sub-nanometer-diameter nanopore. Referring to Table 1 , with a blockade current threshold corresponding to a volume of ~0.13 nm 3 residues can be distinguished as belonging to one or the other of the two sets S1 and S2 shown shaded in the table. However blockades due to residues in the lower volume group have to be detected/differentiated from the quiescent ionic current (= current when there is no peptide present in the pore either fully or partially). For this reason a second and lower threshold needs to be set. Given a volume resolution of 0.07 nm 3 , it can be set to ~0.06. (This also increases the error rate for G residues but the effect is not very significant, as seen below.)
The errors that result from using a binary code can be roughly estimated for different volume thresholds. Assuming residue volumes to be normally distributed with mean μ and standard deviation σ errors can be computed with the normal (Gaussian) error function. Normal distributions for the 20 amino acids based on the data in Table 1 (μ and σ) are shown in Figure 1 . The widest separation occurs between the curves for P and V, this is also the line of division in Table 1 , and it leads to a threshold value of 131 for the detector. Let F(x; μ, σ) be the cumulative normal distribution function with mean μ and standard deviation σ:
and G(x; μ, σ) = 1 -F(x; μ, σ)
Let thresholds be set at T1 and T2. Let the mean volume and standard deviation for amino acid aa be μaa and σaa (see Table 1 ), and the error in reading the volume of amino acid aa eaa(T1,T2). The errors for the 20 amino acids can be written as aa = G: eG (T1,T2) = G(T1; μG, σG) (3a) aa ϵ S1 -G: eaa (T1,T2) = F(T1; μaa, σaa) + G(T2; μaa, σaa) (3b) aa ϵ S2: eaa (T1,T2) = G(T1; μaa, σaa) (3c)
The probability that the measured binary code for a peptide X = X1 X2 ... Xn where Xi is one of the 20 amino acids is correct is given by cX (T1,T2) = Πi=1 .. n (1 -eXi (T1,T2)) (4) Figure 2 shows cX (T1,T2) for T1 = 65 and T2 = 130 for four proteomes: human, yeast, E. coli, and H. pylori. The results indicate that close to 80% of all binary sequence codes for protein-identifying partition peptides are correct with a confidence level exceeding 90%. The percentage rises to 98% for confidence levels exceeding 85%. 
Discussion
One of the more persistent problems with nanopore-based sequencing approaches is homopolymer recognition, which arises from successive residues belonging to the same subset generating the same (binary) output value. With a thick (8-10 nm) biological or synthetic pore, multiple (typically 4 to 8) residues are resident in the pore at any time during translocation so that the boundary between two successive such values may be difficult to identify. The severity of the problem can be reduced by using a single atom layer of graphene [13] or molybdenum sulphide (MoS2) [14] for the membrane, or a biological pore with a narrow constriction (MspA [15] , CsgG [16] ) or an adapter (β-cyclodextrin in αHL [17] ). In this case roughly one residue will be resident in the pore (or its constriction) during translocation. Another possibility is to use an electrolytic cell with a tandem pair of nanopores and an exopeptidase [18] . Here the enzyme, which is situated below the first pore, cleaves successive residues from a peptide emerging from the first pore; the cleaved residues diffuse-drift through the second pore and cause distinct current blockades, one per residue; only one residue will be resident in the second pore at any time during translocation. Multiple discriminators, including the blockade level and the time of translocation through the second pore, are available in this approach. Software based on hidden Markov models [19] or the Viterbi algorithm [20] can also be used to computationally separate successive residues with identical discriminator values. Incidentally, the work described in [14] also includes a workable solution to another problem in nanopore sequencing, namely the high speed with which a peptide translocates through the pore, which makes it difficult for a detector with insufficient bandwidth to detect changes in the blockade current level.
